We report for the first time exact ground-states deduced for the D = 2 dimensional generic periodic Anderson model at finite U , the Hamiltonian of the model not containing direct hopping terms for f -electrons (t f = 0).
I. INTRODUCTION
The periodic Anderson model (PAM) is one of the basic models largely used in the study of strongly correlated systems whose properties can be described at the level of two effective bands, like heavy-fermion systems 1 , intermediate-valence compounds 2 , or even high critical temperature superconductors 3 . The model contains a free d band hybridized with a correlated system of f electrons for which the one-site Coulomb repulsion in the form of the Hubbard interaction is locally present. Seen from the theoretical side, PAM has the peculiarity that even its one dimensional Hamiltonian is sufficiently complicated to not allow the knowledge of its exact solutions even in 1D. As a consequence, taking into account that the exact description possibilities increase in difficulty with the increase of the dimensionality of the system in the physical region D = 1 − 3, the physics provided by PAM is almost exclusively interpreted based on approximations. This situation enhance the difficulty of a good quality theoretical analysis, since exact bench-marks in testing the approximations or numerical simulations are almost completely missing. Because of this fact, even the starting point of the theoretical description, the knowledge of the ground-state is poorly developing.
Given by this, efforts have been made for the construction of exact ground-states at least in restricted regions of the parameter space. In this frame, based on the observation that the infinitely repulsive case in relative terms is easier to treat, the first exact ground-states have been deduced at U = ∞, in restricted regions of the parameter space, based on a work of several years [4] [5] [6] [7] .
The first exact ground-states at finite value of the interaction have been published recently in 1D 8, 9 , and 2D 10,11 , respectively. These ground-states emerge on continuous but restricted regions of the T = 0 phase diagram of the system which extend from the low U limit up to the high U limit as well. These solutions have been obtained by a decomposition of the Hamiltonian in positive semidefinite operators (PSO) as follows (i) the interaction term has been transformed into a PSO requiring at least one f electron on every lattice site 8 , and (ii) the remaining parts of the interaction term together with the one-particle compo-nents of the Hamiltonian have been transformed in PSO based on cell operators, using bonds in 1D 8, 9 or elementary plaquette operators in 2D [10] [11] [12] . Two type of ground-states have been obtained in this manner: localized and itinerant once. The itinerant solution was found to emerge for imaginary hybridization matrix elements (V r ), while the localized solution for real V r . Besides, the itinerant solution has been obtained only in the presence of anisotropic or distorted unit cells. The cell operators used in the transformation of the Hamiltonian had always the extension of an unit cell (elementary plaquette in 2D), the f -creation operators being ,,uniformly" considered, acting on all lattice sites of the elementary plaquette.
We must note, that all exact ground-states deduced up today for PAM at finite value of the interaction U, based on the cell operators mentioned above, require the presence of the direct hopping t f = 0 as well in the correlated f band of the Hamiltonian, since the products of these cell operators leading to PSO generate always t f = 0 contributions. The presence of the direct f hopping can be argued based on experimental data in the case of P u 13 , or some heavy-fermion compounds 14 , but it remains in fact an extension term to the generic PAM Hamiltonian which does not contain such type of contributions. Particularly for 2D, since for the t f = 0 limit the results deduced in Refs. [ 10, 11 ] are no more valid, the case of the generic PAM Hamiltonian treated in exact terms remains still a completely open problem.
Driven by the challenge to obtain exact solutions for the generic PAM in 2D, the first questions which have to be clarified in these conditions are the following: Can we consider the ground-states deduced for PAM at finite U in the presence of direct f hopping in the Hamiltonian also potential ground-states for the generic PAM at finite U (and t f = 0) ?
The unit cell distortions and imaginary hybridization matrix elements are essential for the emergence of itinerant phases ? This questions are important, since are connected to main problems related to PAM, for example the localized vs. itinerant behaviour of f -electrons, and of particles in general in the system [15] [16] [17] [18] [19] [20] , or the interpretation of the PAM behaviour based exclusively on the local f -moment and its compensation (analyses made based on Kondo physics).
Starting from this background, in this paper we are reporting the first exact ground-states for generic PAM in 2D at finite value of the interaction. As a consequence, the deduction is The nature of these matrix elements is given by the symmetry 21 , and in fact imaginary hybridization matrix elements has been used previously as well (see for example 16 ). (vi)
The non-Fermi liquid properties present in rigorous terms in the PAM phase diagram, at least in 2D are not essentially connected to imaginary hybridization matrix elements, nor direct f hopping in the Hamiltonian, nor the presence of distorted unit cells.
The remaining part of the paper has been constructed as follows. Section II. presents the model and its description with block operators, Sect.III. describes the deduced exact ground-state, Sect.IV presents the conclusions, and Appendix A. containing mathematical details closes the presentation.
II. THE PRESENTATION OF THE MODEL.
A. The expression of the Hamiltonian.
We start with a generic PAM Hamiltonian taken for a 2D lattice in the form
where, the first term gives the kinetic energy for d-electrons, the second term is the on-site f -electron energy, the third term represents the hybridization, and the interaction termÛ describes the on-site Hubbard interaction written for f electronsÛ = UÛ f ,Û f = in f i,↑n f i,↓ , U > 0 being considered during this paper. As it can be seen, direct f -band is not present in the starting Hamiltonian.
For technical reasons, we transcribeĤ in r space, using for the operatorsĝ =d,f the Fourier sumĝ i,σ = k e −ikr iĝ k,σ . For this, we take into consideration at the level of the hybridization term, local (V 0 ) and non-local (V 1 ) nearest-neighbour contributions as well.
The d-electron dispersion is taken into account including contributions up to next nearestneighbour hoppings, which is not unusual in the case of the study of real materials 23 . The kinetic energy of d-electrons becomeŝ
where x, y represent the versors of the unit cell (see Fig.1 ), and the dispersion relation for d electrons presented in Eq.(1) becomes
from where, the V k hybridization matrix element from Eq.(1) can be expressed as
Denoting byÊ f = E f i,σn f i,σ the on-site f -electron energy and using Eqs. (2) (3) (4) (5) , for the starting Hamiltonian presented in Eq. (1) we find
The interaction term during this paper is exactly transformed in the form
where, the positive semidefinite operatorP
requires for its lowest zero eigenvalue at least one f -electron on every lattice site. As will be clarified further on, the representation presented in Eq. (7) is a key feature from the point of view of the interaction term in the deduction of exact ground-states at U > 0 presented here.
B. The Hamiltonian written in term of block operators.
Let us introduce connected to every site i of the lattice the block A i as presented in Fig.1 .
It contains the lattice sites i − 1, i, i + 1, j, l, being centred on the site i. The numbering of the sites inside the block is block independent and given by the numbers 1, 2, 3, 4, 5 in Fig. 1 . The site-numbering inside the block is considered block-independent given by the translational symmetry of the system. Starting from the block A i we are introducing block operators as a sum of fermionic operators acting on the sites contained in A i as followŝ
where the a n,d and a 1,f prefactors are numerical coefficients. Taking a block operator centred on another siteÂ i ′ ,σ , the indices of the fermionic operators follow the indices of the new sites
, but for the numerical prefactors ofÂ i ′ ,σ we are keeping the same strategy in notation: 1 represents the centre of the block, the index 2 is of the site at the bottom of the block, the notation inside the block continuing anti clock-wise at the border of the block from 3 up to the index 5.
The block operatorÂ i,σ used in the present description has significant differences in comparison to the plaquette operators used previously 10, 11 . Its novelty is twofold: (i) the here introduced block operator contains f -fermionic operators only in its unique central site, so contains a non-homogeneous f-operator action inside the block, and (ii) the number of lattice sites per block being 5/4, the used block has an extension greater than an unit cell.
These are key features which allow the study of the PAM Hamiltonian without the presence of the direct hopping terms at the level of f -electrons.
Summing up nowÂ † i,σÂ i,σ over all lattice sites and taking periodic boundary conditions into account in both directions (for the result see Appendix A.), the following relation is
if the following equalities are present between the parameters ofĤ and the numerical prefactors of the block operatorsÂ i,σ
Taking into account thatÂ i,σÂ
where N Λ represents the number of lattice sites, the Hamiltonian from Eq.(6) becomesĤ
In this expressionN is the operator of the total number of electrons, and the constant K is given by
The Hamiltonian contained in Eq.(11) will be analysed in detail below. We mention that the transformation of the startingĤ from Eq.(6) to the studiedĤ from Eq. (11) . Since the number of unknown variables is less than the number of Hamiltonian parameters, solutions for the block operator parameters will be present only if some inter-dependences between t r , V r , E f , U are present. These inter-dependences fix the parameter space region P H in which the here obtained results are valid (see Fig. 2 . and the explications from Sect.III.B.).
III. EXACT GROUND-STATE WAVE-FUNCTION SOLUTION.
A. The derivation of the exact ground-state.
We are studying the Hamiltonian from Eq.(11) at a fixed number of particles N in the system. As a consequence, since N is a constant of motion,Ĥ becomesĤ =P + E g , where the positive semidefinite operatorP = i,σÂi,σÂ † i,σ + UP ′ has zero minimum eigenvalue, and the constant E g is given by
. In these conditions, the ground-state wave function of the model inside P H is defined viaP |Ψ g = 0.
To find |Ψ g , we have to keep in mind thatP ′ requires for its minimum (and zero) eigenvalue at least one f -electron on every lattice site, and that the introduced block operators satisfies
where, |0 is the bare vacuum with no fermions present. The wave-function presented in Eq. (14) is the first exact ground-state obtained for generic PAM at finite U. The product in Eq. (14) must be taken over all lattice sites. Because of this reason, the product of the creation operators in Eq. (14) introduces N = 3N Λ particles into the system, so |Ψ g corresponds to 3/4 filling. All degeneration possibilities of the ground-state are contained in Eq. (14), since the wave function with the propertyP |Ψ = 0 at 3/4 filling always can be written in the presented |Ψ g form. We however underline that PAM contains two hybridized bands, and 3/4 filling for a two-band system means in fact half filled upper hybridized band (the lower band being completely filled up). We mention, that |Ψ g describes rigorously only the U > 0 case, since the presence of theF µ operator into the ground-state is just required by the non-zero U value. As a consequence, the ground-state at U = 0 cannot be expressed in the form presented in Eq. (14).
B. Solutions for the block operator parameters.
We are now interested to find the T = 0 phase diagram region where the solution from
Eq. (14) is valid. For this reason the system of equations Eqs.(10,12) must be solved for the block operator parameters. Solving the problem, we are considering allĤ parameters real.
From the V x , V y components of Eq. (10) we find a *
and introducing the anisotropy parameter χ = a 2,d /a 3,d = t y /t x (which must be real since t y /t x is real), we realize that all y components ofĤ parameters can be expressed via x components and χ as follows
Solutions are obtained for |t x+y | = |t y−x |, sign(χ) = −sign(t x+y ), sign(t x ) = sign(V 0 )sign(V x ), and the remaining equations for the x components of theĤ parameters provide the solutions
all a n,d , a 1,f being considered real. Introducing the notations t = |t 2x /t x |, and v = |V 0 /t x |, the solutions require |V 0 /V x | = 1/(2t) and are situated in the parameter space on the surface
This surface is presented (for χ = 1.5) in Fig. 2 . As can be seen, it extends from the small U domain continuously to the high U domain up to U → ∞ in the t → 0 limit.
Modifying χ, the general shape of the obtained phase diagram region will not be changed.
To be situated inside the phase diagram region P H where the reported ground-state occurs for example in the isotropic case χ = 1, (which means t 1 = t x = t y , t 2 = t 2x = t 2y , t ′ 2 = t x+y = t y−x , V 1 = V x = V y ), the parameters t 1 , t 2 , V 0 , U can be arbitrarily chosen, and |t ′ 2 | = 2|t 2 |, |V 1 | = 2|V 0 t 2 /t 1 | must hold together with Eq.(17) which determine E f /|t 1 |. As can be observed, P H can be reached by quite physicalĤ parameter values.
C. Physical properties of the obtained solutions.
The magnetic properties of the wave-function of the form presented in Eq. (14) have been analysed in detail previously 10, 11 . Here the expression ofÂ i,σ is completely new, but the described techniques can be well applied. Given by the arbitrary nature of the µ i,σ coefficients, |Ψ g possesses a large spin degeneracy in the total spin of the system, being globally paramagnetic.
Studying the particle number distribution on different sites created by the i product over the creation operators in |Ψ g from Eq. (14) together with the concrete block operator presented in Eq. (8), it turns out that the obtained ground-state wave-function contains different contributions with one, two and three particles per site in the lattice. As a consequence, the system described by |Ψ g is not characterised by an uniform particle distribution, the expectation value of the hopping matrix elements and non-local hybridizations is nonzero, so the system is not localized and the electrons in the ground-state are itinerant. All these information show that the deduced ground-state is an itinerant paramagnet.
The deduced ground-state being itinerant, its properties can be easier described using a k-space representation. Starting this, for the Fourier transform of the block operators we
where a * 
Using the notation ∆ k = |a 1,f | 2 + |a k,d | 2 , we introduce new canonical Fermi operatorŝ
which satisfy standard Fermionic anti-commutation rules. Using now Eqs. ( 19, 20) , we realize thatĤ from Eq. (1) becomeŝ
where E 1,k = K = constant, and
Since for the ground-stateP ′ |Ψ g = 0, we obtainĤ gr , the Hamiltonian exactly diagonalized for the ground-state, in the form
So, for the deduced ground-state (i.e.in the parameter space inside P H ), the Hamiltonian can be mapped into a two-band Hamiltonian with separated bands (determined also by U) whose upper band is completely flat (note that the starting d-band in Eq. (1) 
We also mention that since the lower band is completely filled up, Ĉ † 2,k,σĈ 1,k,σ = 0. The second relation from Eq. (23) is trivial from physical point of view since the lower band is completely filled up. Contrary to this, the first relation (see Fig. 3 .) shows a momentum distribution function for the upper band without non-regularities in its derivatives of any order, signalling a clear non-Fermi liquid type of behaviour in 2D deduced in exact terms.
The deduced phase is present also in the isotropic case (χ = 1), and we underline that the result has clear physical signification even in the case in which P H behaves complete repulsively from RG point of view 22 .
The novelty of this result in comparison with the behaviour reported in 10 is threefold:
(i) here we are situated in generic PAM (i.e. t f = 0); (ii) the hybridization matrix element is real; and (iii) distorted unit cell is not necessary for the emergence of the itinerant phase. As a consequence, the presence of the deduced behaviour is much more general then suggested by our previous work. Introducing the notation
Based on Eq.(24) it can be checked that n The expressionÂ † i,σÂ i,σ summed up over the whole lattice considered with periodic boundary conditions in both directions is presented below. 
